The effect of concanavalin A (Con A) on the course of early infection of HeLa cells with purified radioactive human rhinovirus type 2 (HRV-2) or poliovirus type z (P-z) has been examined. Several early steps in infection were inhibited before the uncoating of parental virus. Con A, at Ioo #g/ml, reduces attachment of virus when added to cells before infection. Con A also detectably slows the normal progression of adsorbed virus to tightly bound forms characterized, in the case of HRV-z, by resistance to elution by EDTA, or in the case of P-2, by isolation of a characteristic virus-membrane complex. When Con A is added together with either virus, it also inhibits cell-mediated eclipse of infectivity and the formation of non-infective subviral particles.
INTRODUCTION
Concanavalin A (Con A), a tetrameric protein of mol. wt. about IC (Edelman et al. I972) , is toxic to cultured cells (Culp & Black, ~972; Wright, I973) . This protein binds to ~-D-mannopyranosyl-like residues of carbohydrate containing components on the cell surface (Sharon & Lis, I972; Lis & Sharon, I973) , and there are Io 7 to ro e receptor sites for Con A per animal cell I97I; Inbar, I97I; Oz~nne & Sambrook, i97i; Betel & Van den Berg, I972; Birdwell & Strauss, I973; Cuatrecasa, I973; Aoyagi et al. I974; Guerin et al. I974) . Con A has also been noted to alter the charge (Yamada & Yamada, I973) and fluidity (Yahara & Edelman, I972; Edelman, Yahara & Wang, I973) of the cell membrane.
Several reports suggest that Con A may have antiviral properties. It can interact directly with and agglutinate enveloped animal viruses (Oram et al. I97I; Becht, Rott & Klenk, 197z; Okada & Kim, I972; Birdwell & Strauss, I973) . Con A also interacts with gram positive bacterial cells to inhibit adsorption of certain bacterial viruses (Archibald & Coapes, I972; Birdsell & Doyle, I973) . Okada & Kim (i972) discovered that treatment of animal cells with Con A before infection inhibited plaque formation by Sendal virus, herpes virus, and poliovirus. Since poliovirus did not interact directly with Con A, it was of interest to determine which step or steps of poliovirus infection were inhibited.
The earliest biochemical steps of picornavirus infection can be dissected with the aid of radioactive virus particles. Thus HRV-2 and P-2 attach to specific sites on HeLa cells in a temperature dependent manner I972 ) . In the early stages, cellassociated HRV-2 can be eluted if EDTA is added to the medium, but it rapidly becomes tightly bound and can then only be recovered after disruption of the cell and addition of 314 K. LONBERG-HOLM detergents (Noble-Harvey & Lonberg-Holm, 1974) . Attached P-2 virus particles may at first be recovered by disruption of cells and addition of a non-ionic detergent, but they rapidly form a tight complex with membrane components. Native virus can be recovered from this complex after treatment with SDS (Lonberg-Holm, Gosser & Kauer, 1975) .
Tightly bound particles of HRV-2 are rapidly altered under physiological conditions to non-infectious particles which sediment more slowly than native virus I972; I973) . Poliovirus also undergoes cellmediated alteration to yield particles which sediment more slowly than native virus . The altered particles recovered from cells infected with poliovirus may easily be confused with the virus-membrane complexes mentioned above, since both sediment at about 13o S. Native poliovirus which has complexed with the membrane has not entered the eclipse phase of infection, while the irreversibly altered particles are the product of the reaction leading to eclipse.
The evidence of this report suggests that Con A interferes with the three distinct processes listed above for both HRV-2 and P-2, i.e. attachment, tight binding and cell-mediated alteration. This non-specific mode of action contrasts with the specific action of antiviral compounds which interact with and prevent eclipse of HRV-2 (Lonberg-Holm & NobleHarvey, 1973) and P-2 (Lonberg-Holm et al. I975).
METHODS

Cells and virus.
The HeLa cells employed, their propagation and use for preparation and plaque assay of virus have already been described (Korant et al. 1972 ) . The HGP strain of HRV-2 and the P-217 Ch2ab strain of poliovirus type 2 were used. These were labelled with [82P]-phosphate, [14C]-or [3H]-amino acid mixtures, and the relationship between radioactivity and the number of physical particles determined in each case (Korant et al. I972) . Virus pools contained 5 ~ by volume of heat-inactivated foetal calf serum and were dialysed against medium (Eagle's minimum essential medium modified for spinner culture, Grand Island Biological Co., Grand Island, New York) and then stored at -70 °C until used.
The effect of Con A on infective centres. The ability of Con A to reduce the number of plaques of HRV-2 or P-2 was determined by exposing cells to virus and Con A at 5 °C. HeLa cells grown as monolayers in 50 mm dishes were cooled and then washed twice (2 ml ice-cold phosphate buffered saline containing I mM-MgC12). Some plates were exposed to virus (o'4 ml in medium containing serum) and others were exposed to Con A (0"4 ml, dissolved in medium containing serum). After 30 min of rocking at 5 °C, the cells were washed twice and treated with Con A or virus for another 3o min period at 5 °C. The cells were washed twice again and removed from the cold, covered with warm overlay and incubated at 34"5 °C until plaques had developed.
Incubation of radioactive virus with cells. HeLa cells grown in suspension were washed twice with ice-cold medium containing 5 ~ heat-inactivated foetal calf serum. Virus was added to give a final concentration of I × IO 7 cells/ml and a multiplicity of about 1 x io ~ particles/cell (unless stated otherwise). The suspension was shaken in a water bath; HRV-2 was usually permitted to attach at 34"5 °C, the optimal temperature for its replication. In some cases HRV-2 was also permitted to attach at o °C to minimize 'tight' binding, as indicated. Poliovirus was permitted to attach at 34"5 °C in those experiments requiring a direct comparison with the attachment of HRV-2; otherwise P-2 was permitted to attach at 37 °C, its optimal temperature for replication. Con A was added to ice-cold 
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medium at lOO #g/ml directly before the start of each experiment or was added as a 2o mg/ml solution in water (o'5 % by volume). Infected cells were always washed twice, with ice-cold medium containing 5 % serum to remove unadsorbed virus. Samples were precipitated with trichloroacetic acid before determination of cell-associated radioactive virus, or were resuspended in buffer and assayed for cell-associated infective virus after lysis with SDS, as already described (Lonberg-Holm & Korant, 1972 ) .
Elution of 'loosely' bound HRV-2. Radioactive HRV-2 was permitted to attach to cells at o °C or 34"5 °C, and the cells were washed twice at o °C and resuspended in ice-cold medium containing serum and 5 mM-EDTA. Suspensions were stirred with small magnets in an ice-water bath and cell-associated radioactivity was determined after various periods of elution (Noble-Harvey & Lonberg-Holm, 1974) .
Isolation of virus components from infected cells. Samples of washed infected cells were suspended (z × IoV/ml) in o.oz M-tris hydrochloride buffer, pH 8.I, and were treated with an ultrasonic generator, with o.2 mg/ml deoxyribonuclease, and then with o'5 % NP4o (Shell Chemicals Ltd, London) as already described I972) . This method of cell-disruption was also used in the isolation of poliovirus-membrane complexes. In order to dissociate poliovirus-membrane complexes it was necessary to add o-2 % SDS to the samples containing NP4o , just before they were applied to sucrose gradients (Lonberg-Holm et al. I975) .
The sucrose gradients contained IO to 25 % sucrose, I M-NaC1, and o.o2 M-tris hydrochloride buffer (pH 8.I). Linear gradients of I6 ml were centrifuged in a Spinco SW 27-1 rotor (Beckman Instruments, Inc., Palo Alto, California) for I6 h at 15ooo rev/min, or greater speeds as indicated. The gradients were fractionated from the bottom. The methods used for counting the radioactivity, for computation, and for representing the data, have already been described (Lonberg-Holm & Noble-Harvey, I973).
Con A and [125I]-Con A. Highly purified Con A was purchased from Pharmacia Fine Chemicals, Uppsala, Sweden. A sample was labelled with [125I] by the method of Marchalonis (I969) and was repurified by affinity chromatography (Agrawal & Goldstein, I968) . S-7. Ethyl 2-methylthio-4-methyl-5-pyrimidine carboxylate (S-7) was obtained as already described . It was dissolved in ethanol (3o mg/ml) and then diluted x lOOO in complete medium for use in experiments requiring the block of cellmediated eclipse of P-2.
RESULTS
Inhibition of infective centres
Okada & Kim (I972) have already reported that treatment of cells with Con A reduces their sensitivity to poliovirus. Fig. I a and b show the relative numbers of plaques after infection of monolayers of HeLa cells exposed to increasing levels of Con A prior to attachment of HRV-2 or P-2. Under the conditions employed, treatment with 8oo/zg/ml Con A for 3o min at 5 °C produces a fivefold reduction in plaques. However, it was also found that addition of Con A to cells after attachment of virus reduced the number of plaques significantly. In the latter case, cells were cooled to 5 °C and permitted to attach virus for 3o min, excess virus was washed away and Con A was permitted to adsorb for 3o min in the cold. Excess Con A was then washed away and the cells were warmed, covered with solid overlay, and then infection was permitted to proceed at physiological temperature. This treatment of cells with virus in the cold probably slowed the events of infection, so that steps following attachment proceeded efficiently only after the cells were warmed . Reduction of (a) HRV-2 or (b) P-2 plaques by Con A added before (@ @) or after (O---©) virus. Cells were cooled to 5°C and washed, exposed to Con A or virus for 3o min, washed, and exposed to virus or Con A for 3o min. The cells were washed again and then covered with warm overlay and incubated at 34"5 °C (Methods).
(see also below). The results are compatible with the possibility that Con A blocks not only attachment of HRV-2 and P-2, but also inhibits one or more steps subsequent to virus attachment. It was also found that Con A does not cause elution of radioactive virus from ceils which have attached HRV-2 in the cold (K. Lonberg-Holm, unpublished data).
Attachment of Con A to HeLa cells
Adsorption of Con A to cells depends upon the length of incubation, the medium employed, and upon the temperature (K. Lonberg-Holm unpublished results, see also Rittenhouse & Fox, I974) . In all experiments except those of Fig. I and 4, the interaction of Con A, cells, and virus were studied at physiological temperatures, with suspension grown HeLa cells ([ × IoT/ml) in medium containing 5 ~ serum and IOO #g/ml Con A. It was found in other experiments employing [125I]-Con A that approx. 1.5 × Io7 Con A molecules attach per cell in 3o min under these conditions. This corresponds to approx, half of the total available sites found with saturating levels of Con A. 
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The effect of Con .4 on virus attachment
The attachment of Con A to HeLa cells was not instantaneous at 34 to 37 °C (data not shown) and it was therefore not surprising to detect that some time was required for Con A to inhibit virus receptors. The kinetics of the inhibition of HRV-2 and P-2 uptake also differed. Fifteen rain or more at 34"5 °C was required for Con A to inhibit the initial rate of uptake of HRV-2 by 7o ~, while P-2 was inhibited by more than 70 ~ after only 5 min (Fig. 2a, b) . Control experiments, which are not shown, established that o.I M-a-D-methylmannoside added together with Con A prevented inhibition of HRV-2 or P-2 attachment. These experiments also showed that a-o-methylmannoside added after prior incubation of cells with Con A completely reversed the inhibition of the subsequent attachment of poliovirus but only partly reversed the inhibition of HRV-2 attachment (data not shown).
Inhibition of virus attachment may also depend to some extent upon the multiplicity of particles employed. Fig. 3a shows that when Con A and HRV-2 are both added to cells before incubation, there are fewer receptor sites for virus at all multiplicities examined. This is more pronounced after ~5 min interaction than after 7 min. Fig. 3b illustrates a similar experiment with P-2 virus particles. In this case it was consistently found that at very high multiplicities of P-2 there were about the same number of sites available on treated cells. This suggests that Con A may reduce the efficiency of binding of P-2 without reducing the number of sites ultimately available.
The effect of Con A on tight binding of virus
After attachment to a cell, HRV-2 is loosely bound and may be eluted by addition of EDTA. Upon subsequent incubation, this loosely bound virus progresses to a non-elutable form by a temperature dependent reaction (Noble-Harvey & Lonberg-Holm, I974). In these experiments, Io -4 M-SDS was added to all cell mixtures as a specific inhibitor of cellmediated alteration of HRV-2. The effect of Con A on tight binding was investigated when it was added to cells before and during or only during attachment of HRV-2. In Fig. 4a , Con A was permitted to adsorb to ceils for IO min at 34"5 °C before virus was permitted to attach during Io min additional incubation. The cells were then cooled, washed and treated with EDTA. Other cells were treated in the same way but without Con A. Cells were also permitted to attach virus at o °C under which conditions tight binding is reduced. Before elution, 2o and 45 ~ of the added virus became cell-associated at 34"5 °C with and without Con A, respectively, and ]6 ~ attached at o °C. Cell-associated virus was normalized to Too ~ before elution. Virus adsorbed at 34"5 °C without Con A is largely non-elutable while virus adsorbed at 34"5 °C to Con A-treated cells elutes to a greater extent (3o ~ in 
(o---o).
I h). More than half of the virus attached at o °C eluted in I h in this experiment. In another experiment, cells which had not been pre-treated with Con A were permitted to attach HRV-2 in the presence or absence of Con A for 4 min at 34"5 °C (Fig. 4b) . Before elution, 37 ~ and 39 ~ of the added virus became cell-associated at 34"5 °C with and without Con A, respectively, and I7 ~ attached at o °C. Under these conditions, progression to tight binding in the presence of Con A was more rapid than when cells were pre-treated, although Con A still significantly reduced the amount of non-elutable virus. Although it is not shown in the figure, it was also found that almost all cell-associated virus progressed to a state from which it is not elutabte with EDTA after prolonged incubation in the presence or absence of Con A. If virus was attached for 4 min, excess virus removed and the cells incubated for I6 min at 34"5 °C before treating at o °C with EDTA, only 2 to 3 ~o of the cell-associated virus was eluted regardless of whether or not attachment and incubation had been in the presence of Con A.
A different method was used to demonstrate progression of poliovirus from loose to tight binding. Infected cells were disrupted and treated with the detergent NP4o and tightly bound virus particles were isolated as complexes which sedimented more slowly than native virus (Lonberg-Holm et al. I975). These slowly sedimenting particles contained native virus, since cell-mediated eclipse and concomitant irreversible alteration of the native virus had been blocked by the thiopyrimidine S-7 (see Methods). When poliovirus was attached to cells at o °C for I h, very little of the slowly sedimenting virus-membrane complex was formed (K. Lonberg-Holm and M. N. Whiteley, unpublished data). after 7 min attachment at 37 °C, much more than half of the cell-associated virus shows a reduced rate of sedimentation. If Con A is present during 7 rain attachment, only about half or less of the virus is recovered in the complex (Fig. 5a ), but subsequent incubation does lead eventually to tight binding.
The effect of Con A on cell-mediated eclipse of virus infectivity
The cell-mediated irreversible alteration of radioactive infective virus was investigated. Both cell-associated radioactivity and cell-associated infective units recovered after lysis of cells with SDS were determined; the difference between these corresponds to cell-associated virus particles which have entered the eclipse phase of infection. The rapidity of attachment of HRV-2 to HeLa cells at 34"5 °C serves to introduce some synchrony into the system. In the experiment illustrated in Fig. 6a , about 66 ~ of the added radioactive virus attached during 7 rain. Since only 2[ ~ of the added p.f.u, could be recovered from the cells, only 32 ~ of the cell-associated virus retained infectivity and 68 ~ had undergone eclipse. After a total of 45 min incubation, some cell-associated radioactive virus had eluted and almost all of the remainder was non-infective. When Con A was present, most cell-associated virus was infective after 7 min and at 45 min only 49 ~ of the infectivity of the cell-associated virus was lost (Fig. 6 b) . There was also more cell-associated radioactivity at 45 min than at 7 min incubation. This is probably because elution, a concomitant of cell-mediated eclipse, is also slowed by Con A.
The attachment of poliovirus is less efficient than the attachment of HRV-2. In order to provide some synchrony in the system, virus was attached for 7 rain and then excess was washed from the ceils. The cells were resuspended and again incubated for ]o and 3 ° min. After a total of 37 min incubation at 37 °C in the absence of Con A, more than 9o ~ of the cell-associated virus had lost its infectivity (Fig. 6 c) . In the presence of Con A during both attachment and subsequent incubation, only about I/3 of the cell-associated virus lost IP: 54.70.40.11
On: Thu, 14 Feb 2019 03:17:58 infectivity in this experiment (Fig. 6d) . The elution of radioactive poliovirus from infected cells may also have been slowed by Con A.
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Control experiments, which are not shown, established that addition of o.~ m~-a-Dmethylmannoside during attachment completely reversed the inhibitory effect of ~oo #g/ ml Con A on cell-mediated eclipse of HRV-2. However, a-D-methylmannoside added with Con A during attachment and incubation of poliovirus reversed the inhibition of eclipse by Con A by a factor of only about 2/3 relative to cells incubated with virus alone (see also Fig. 8 ).
K. LONBERG-HOLM
The effect of Con A on cell-mediated alteration of virus particles
The inhibition of eclipse was confirmed by examination of radioactive virus recovered from infected cells. The product of HRV-2 virus inactivation is a I35 S particle, and this particle and infective cell-associated virus are both dissociated from cellular components by sonic treatment and NP4o (see Methods). Fig. 7a shows a typical sucrose gradient of cellassociated particles after [14C]-amino acid-labelled HRV-2 has infected HeLa cells for 45 min at 34"5 °C. Unaltered [3~P]-labelled HRV-2 was added as a sedimentation marker. Most of the cell-associated virus sedimented as 'A-particles' (which contain RNA) or as 'B-particles' (which lack RNA), as already described (Lonberg-Holm & Noble-Harvey, I973). In contrast, when Con A was added, more than half of the cell-associated virus remained unaltered (Fig. 7b) .
Cell-mediated alteration of P-2 leads to formation of 'A-particles' which contain RNA and sediment more slowly than virus particles, as already described . This slowly sedimenting fraction does not contain virus-membrane complexes since o.2 ~ SDS was used to complete the disruption of the host cells (Methods). Fig. 8 illustrates the sedimentation of particles recovered from cells infected with [14C]-P-2. In this experiment, cells were infected with virus in the absence of Con A, in the presence of Con A, and in the presence of Con A plus a-D-methylmannoside. After 7 rain attachment, 25 ~, 14 and 23 ~ of the added virus was cell-associated, respectively. The cells were then washed and incubated 4o min and then I4 ~, I2 ~ and I4 ~ of the added virus remained uneluted. A-particles were the major product in the control infection (Fig. 8a) . Particles sedimenting more slowly than A-particles were also detected and are labelled B; these have not been further characterized. When Con A was added during attachment and incubation of infected cells, the major fraction of the cell-associated P-z virus particles remained unaltered (Fig. 8b) . When o-I M-a-D-methylmannoside was added together with Con A, there was a partial reversal of the inhibition of the cell-mediated alterations (Fig. 8e) .
DISCUSSION
The early steps of virus-cell interaction may serve as sites for the action of antiviral drugs. In contrast to specific inhibitors which interact with virus capsids, Con A has a non-specific action which appears to result from its ability to interact with cellular structures. Con A is toxic to cells when present in the overlay at levels sufficient to inhibit virus plaque formation (K. Lonberg-Holm, unpublished observations), and its antiviral effect was revealed when it was added to cooled cells before or just after attachment and when the excess Con A was then removed (Fig. I) . The large number of Con A binding sites (3 × 1or/cell) contrasts with the smaller number of virus receptor sites (I to 3 × IO/cell).
Con A inhibits attachment of HRV-2 and poliovirus to cells and this suggests, but does not prove, that the receptors of these viruses contain a-D-mannosyl-like residues. Since both HRV-2 and P-2 receptors are sensitive to proteolytic enzymes (Zajac & Crowell, I965; I972, unpublished results) , the receptors are likely to be glycoproteins. It was not surprising that the kinetics of inhibition by Con A of attachment of HRV-2 and P-2 differed (Fig. z) since it is known that these viruses recognize separate receptor entities on the cell surface (Lonberg-Holm & Korant, I97Z), and these separate entities could be inactivated by Con A at different rates.
Con A also appears to slow the progression of loosely to tightly bound virus. This was detected by loss of elutability with EDTA in the case of HRV-2 (Fig. 4) or by the formation
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325 of virus-membrane complexes which cannot be dissociated with mild detergents in the case of poliovirus (Fig. 5) . Con A at xoo/zg/ml is also known to inhibit phagocytosis of inert particles by some cells (Berlin, t97 z) and it might also inhibit the entry of virus into the cell if this occurs by a related process. Tight binding of HRV-2 to a non-elutable state would thus correspond to ' penetration'. Alternatively, tight binding may be a result of the recruitment of individual receptor units on the cell membrane to form a multivalent complex with the virus (Lonberg-Holm & Philipson, I974; Noble-Harvey & Lonberg-Holm, ~974). In the case of poliovirus, the formation of discretely sedimenting complexes (Fig. 5) can only be attributed to 'penetration' if it is also accepted that 'penetrated' virus particles are not free in the cytoplasm (Lonberg-Holm et al. I975). One simple explanation for the slowing of tight binding by Con A is that it reduces the mobility of many of the components of the cell membrane (Yahara & Edelman, I972; Edelman et al. I973) , and thus slows the lateral diffusion of individual receptor units and retards the formation of multivalent complexes with virus particles. Con A could also slow virus-receptor interaction for steric reasons. The inhibition of cell-mediated eclipse of HRV-2 and P-2 by too/~g/ml Con A is more prominent than the slowing of tight binding. Thus less than 5o ~ of cell-associated HRV-2 entered eclipse during 45 rain when Con A was present (Fig. 6b) , and during this time almost all cell-associated HRV-2 had progressed to a state of binding resistant to elution by EDTA (see Results). Similarly, after 37 min incubation, more than half of the cellassociated poliovirus was not eclipsed if Con A was present (Fig. 6d) while most P-2 particles had progressed to the membrane complex resolved by gradient sedimentation (Fig. 5b) . This inhibition of eclipse by Con A probably cannot simply be attributed to an ability of Con A to promote a non-specific attachment of virus to cells, since Con A reduced (Fig. 3a) or did not greatly alter (Fig. 3b) the number of binding sites per cell. In the case of P-2, however, there was evidence, from the shape of the adsorption isotherm, that virus may adsorb to cells with less avidity in the presence of Con A (Fig. 3 b) .
The inhibition of cell-mediated eclipse was clearly apparent when radioactive virus was re-isolated from infected cells by methods which disrupted membrane complexes ( Fig. 7  and 8 ). This inhibition is also probaby not due to direct stabilization of virus by Con A, both for a priori reasons, and because Con A does not alter the rate of heat inactivation in serum containing medium of HRV-2 at 5o °C or poliovirus at 47 °C (K. Lonberg-Holm, unpublished data). Some specific antiviral compounds which block cell-mediated alteration have been noted to stabilize virus to heat (Lonberg-Holm & Noble-Harvey, I974; LonbergHolm et al. I975).
Con A may interact directly with membrane structures required for virus attachment and alteration or may indirectly affect their availability by perturbing their distribution on the outer or inner surface of the membrane (Ji & Nicolson, I974) . By inhibiting several of the early steps of picornavirus infection, Con A seems to provide examples of antiviral activity resulting from interaction with cellular, rather than virus structures.
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